In the human the average dietary intake of potential acid exceeds the intake of available-base by some 30 to 80 m.eq. per day. This excess acid is neutralized by base derived from the bicarbonate of the body fluids, and if it were excreted in combination with this base, the alkali reserve of the body would be rapidly depleted. Two types of renal compensatory mechanisms provide for the excretion of acid without the loss of equivalent amounts of fixed base. 1. The renal tubules convert the slightly alkaline glomerular filtrate into acid urine, and because acid is excreted in part in the free form, a saving of base is effected. This mechanism normally accounts for the excretion of 10 to 30 m.eq. of acid per day. 2. The renal tubules synthesize ammonia and convert the sodium salts present in the glomerular filtrate in part to abmonium salts, in which form they are excreted. An equivalent amount of fixed base is retained in the body. This mechanism normally accounts for the excretion of 20 to 50 m.eq. of acid per day.
The ability of the kidney to excrete an acid urine and thus to conserve base depends upon the quantity of buffer available to the kidney. Normally this buffer consists largely of phosphate. In plasma at pH 7.4 phosphate exists as a mixture of Na2HP04 and NaH2POd in a ratio of 4 parts of the dibasic salt to one part of the monobasic salt. In the most acid urine which can be excreted, namely, a urine of pH 4.8, practically all of the phosphate exists in the monobasic form. Thus per mol of phosphate excreted at this pH, 0.8 equivalent of base is conserved.. At a pH of 4.8 only insignificant amounts of free hydrochloric and sulfuric acids can exist. Hence base conservation in excretion of these acid anions must be effected wholly by the conversion of sodium salts to ammonium salts. These general principles are well reviewed by Peters and Van Slyke (12) and by Gamble (7) and need no further comment here.
The process by which the renal tubules acidify the urine is the subject of the present investigation.
The general reaction, NazHP04 + H&JO3 --+ NaH2POd + NaHC03 (excreted)
is ordinarily considered in studies of acid base metabolism to be an adequate treatment of the renal contribution to the problem. Actually three theories as to the nature of the renal processes involved have been postulated, all based upon this fundamental reaction. Figure 1 illustrates diagrammatically the concepts involved in these theories.
1. The phosphute reabsorption theory. An ultrafiltrate of plasma containing Na2HP04 and NaHzP04 in a ratio of 4: I is formed at the glomeruli. According to the phosphate reabsorption theory, the NaH2P04 is excreted, whereas the Na2HP04 is reabsorbed by the renal tubules and returned to the postglomerular blood.
The dibasic phosphate which is reabsorbed reacts in part with the free carbonic acid of blood to restore the normal ratio of dibasic and monobasic phosphates (Peters and Van Slyke, 12) .
2. The curbonic acid @ration theory. In addition to phosphate, the glomerular filtrate contains NaHC03 and H&O3 in a ratio of 20: 1, According to the carbonic acid filtration theory, the renal tubules are completely impermeable to H&03, whereas they actively reabsorb NaHCO$.
Thus the reaction between Fig. 1 . Theories of the nature of the renal mechanism for acidifying the urine. In each diagram the kidney is represented as a single nephron composed of a glomerulus on the left, followed by a renal tubule consisting of proximal and distal segments. dibasic phosphate and carbonic acid occurring in the lumen of the renal tubules is forced to the right by the reabsorption of NaHCOa, and the monobasic phosphate which is formed is excreted in the urine (Sendroy, Seelig, and Van Slyke, 14) 3: The tubular ionic exchange theory. According to this theory, the significant constituents of the glomerular filtrate are monobasic and dibasic phosphate. Bicarbonate and carbonic acid are both reabsorbed in large part and accordingly need not be considered. In the passage of the filtrate down the tubules H+ ions derived from the tubular cells are exchanged for Na+ ions in the tubular lumen, converting the dibasic phosphate to the monobasic form. The source of the H+ ions is H&03 produced within the tubular cells or derived by them from the carbon dioxide of the postglomerular blood (Smith, 15) .
Any one of these three theories explains adequately the titratable acidity and urine. However, each theoretical mechanism limitation of its capacity to effect the excretion has inherent of acid. Acthe pH of normal within it a specific cording to the phosphate reabsorption theory and the carbonic acid filtration theory all of the acid which appears in the urine was initially filtered through the glomeruli.
In the former theory NaH2P04 constittied the filtered acid; in the latter theory H&O3 constituted the filtered acid. According to the ionic exchange theory, acid is added to the glomerular filtrate by the renal tubules.
mechanisms are limited by the quantity of acid whereas the third is limited by the quantity of
Thus the first present in the two theoretical original filtrate, acid which the tubules ca;n add to this filtrate.
It occurred to us that one might ufilize these specific limitations of capacity as a means of identifying the true nature of the mechanism for acidifying the urine. Accordingly we have stimulated the renal acidifying mechanism in dogs by the repeated feeding of hydro-.arge the excess of titratable buffer in conacidity of the chloric acid, and have provided tinuous intravenous infusions.
animals with a 1 the We have found that urine under such experimental conditions is so great that it can be explained only by a mechanism which involves the tubular transport of acid. Biologically, the most reasonable mechanism of this type is the one which effects an exchange of Hf i.ons for Na+ ions across the renal tubular epithelium.
METHODS.
In all, 18 experiments were performed on 4 trained female mongrel dogs weighing between 16 and 20 kgm. The animals were by the daily administration of 500 cc. of 1 per cent hydrochlori rendered .c acid by acidotic stomach tube for at least 4 days preceding the day of the experiment. This amount of acid was likewise given at the beginning of each experiment. Unfortunately the loss of variable amounts of acid by vomiting caused considerable variations in the degree of acidosis attained. The dogs were fasted for 18 to 24 hours prior to the experiment. During an experiment the animals were loosely restrained on a comfortable animal board. Urine was collected by catheter and the bladder was washed out, with IO cc. of distilled water at the end of each urine collection period. Bloods were drawn from the jugular vein or from an indwelling needle in the femoral artery at the mid-point of each urine collection period.
Creatinine and sodium phosphate (pH 7.4) were administered in continuous intravenous infusions into the saphenous vein at rates of 5 or 10 cc. per minute. The plasma concentration of creatinine was maintained during the course of an experiment at levels of 20 mgm. relatively per cent or consfanf more to ensure accuracy of determination in both plasma and urine. The clearance of creatinine has been used as a measure of the rate of formation of glomerular filtrate. The quantities of phosphate or carbonic acid filtered through the glomeruli in a minute's time were calculated as the product of the glomerular filtration rate in cubic centimeters per minute and the plasma concentration of phosphate and carbonic acid in millimols per cubic centimeter. The quantity of phosphate reabsorbed was calculated as the difference between the quantity filtered and the quantity excreted (13) .
In experiments I to 6, arterial bloods were drawn in oiled syringes and delivered under oil into centrifuge tubes. The tubes were completely filled with blood and sealed with tight fitting rubber stoppers. Minimal quantities of neutral potassium oxalate and fluoride were used to prevent clotting and glycolysis. After centrifugation the carbon dioxide content of the plasma was determined by the method of Van Slyke and Sendroy (19) .
Analyses were made within a few hours and plasmas were iced until analyzed. Arterial pH was determined electrometrically on samples of whole blood drawn directly into a hypodermic type filled was cooled glass electrode without exposure rapidly to room temperature by to air. The electrode when immersion in a water bath I The blood pH was immediately determined at room temperature and corrected to 38OC. by subtracting 0.014 pH unit per degree difference in temperature (11) .
In other experiments (7 to 10) the carbon dioxide combining power of venous blood was determined by the method of Van Slyke and Neil1 (18) . The pH of urine was determined electrometrically, and the titratable acidity of the urine was determined by titrating it to the observed pH of the arterial plasma. In experiments in which venous bloods were drawn and pH measurements on arterial blood were not available, the urines were titrated arbitrarily to pH 7.35. Two errors of small magnitude enter into these measurements on urine: pH measurements were made at room temperature; no precautions temperature and taken to prevent were were not corrected to body loss of carbon dioxide from the urine. Since the urines for the most part were acid and strongly buffered, and since the titrations were begun and ended at room temperature, the errors introduced were small and have been disregarded. The preparation of plasma filtrates and the analysis of creatinine and phosphate have been described in a previous communication (13) .
Sulfanilamide was analyzed by a modification of the method of Bratton and Marshall (2) on trichloracetic acid filtrates of both plasma and urine. RESULTS. tables 1 and of titratable acid excreted in the urine may far exceed the quantity of acid filtered through the glomeruli. These experiments therefore prove the existence of some tubular mechanism for the transportation of acid from the postglomerular blood into the tubular lumen. In 4 experiments shown in table 1, from 0.198 to 0.380 m.eq. of titratable acid were excreted per minute, roughly equivalent to 3000 to 6000 cc. of OJ N acid per day. The acidosis and the high rate of excretion of phosphate are the significant factors which account for the high titratable acidity. The acidosis in our experimental animals was moderate, as is indicated by arterial CO2 contents of 14 to 18 mM. per 1. The normal value for the dog is 23 to 26 mM. per 1. The arterial blood pH was somewhat reduced, perhaps as a result of the continued absorption of acid throughout the course of the ex- were determined experimentally by titrating the urines electrometrically to the pH of the plasma.
Substituting the quantities of buffer excreted, the observed pH values of the blood and urine, and the pK' constants of the various buffers involved (phosphate 6.8, bicarbonate 6.1, and creatinine 4.97) into the Henderson-Hasselbalch equation, it was possible to calculate values for titratable acidity ih the several ways noted in the remaining columns of the table.
The titratable acidity of the urine was first calculated from the quantity of phosphate excreted and the observed pH of the urine.
This calculated value approximates the observed titratable acidity, for the urinary buffer in these experiments was largely phosphate. However creatinine has some buffering capacity within this range of urinary PH. Since considerable quantities of creatinine were administered to measure glomerular filtration rate, its buffer value was significant although small. The sum of the titratable acidities calculated from the phosphate and creatinine excreted agrees closely with the observed titratable acidity.
The maximum deviation is 4.5 per cent and the average agreement is within 2 per cent. The data therefore are sufficiently accurate to justify further analysis.
The quantity of fitratable acid which could be excreted if the phosphate ret& sorption theory were correct is rather low. It is apparent from the table that the total quantity of phosphate reabsorbed amounted to 0.100 to 0.151 mM. per min. If only dibasic phosphate were reabsorbed, the excess monobasic phosphate excreted in the urine would approximatk 3 of this amount. This excess monobasic phosphate would constitute the titratable acid of the urine. Accordingly this theory can account for only 6.8 to 11.6 per cent of the observed urinary acid.
The quantity of fitratable acid which could be excreted if the carbonic acid filtration theory were correct is somewhat greater than that calculated on the basis of the phosphate reabsorption theory. The concentration of carbonic acid in the arterial plasma was calculated from the pH ok the plasma and its CO2 content. Multiplying this concentration by the rate of glomerular filtration gave the quantity of carbonic'acid filtered each minute. If one assumes that no carbonic acid diffused back across the renal epithelium, i.e., that all the filtered carbonic acid appeared in the urine as titratable acid in the form of monobasic phosphate, the maximum acidity which this theory can explain amounts to only 1'6.5 to 26.5 per cent of the observed acidity.
These data demonstrate that both the phosphate reabsorption theory and the carbonic acid filtration theory are inadequate to account for the excretion of titratable acid under the conditions of our experiments. Since monobasic ph .osphate and carbonic acid are the only significant sources of acid in the glomerular filtrate, the high titratable acidities observed prove that acid must have been added by the renal tubules. In fact the data show that the sum of these two acids in the filtrate could account for only 24 to 37 per cent of the excreted acid. Therefore no less than $ to $ of the acid must have been added by the renal tubules. The tubular exchange of Hf ions for Na+ ionsis but one of two possible mechanisms which can account for the acidification of the urine. Another possible mechanism is the tubular secretion of acid in molecular form. For reasons which will be detailed later we favor the ionic exchange hypothesis.
Acidification
of the urine, if it is effected by a process of tubular exchange of H+ ions for Na+ ions, should be independent of the nature per se of the mechanism for excretion of the buffer.
It should however be conditioned by the physice-chemical characteristics of the buffer. The more acid the pK' of the buffer, the less readily should the tubular cells exchange their H+ ions for Na+ ions within the tubular lumen.
Preliminary experiments with p-aminohippurate (pK', 3.83) and creatinine (pK', 4.97) indicated the verity of the above assumptions. That is, p-aminohippurate although filtered and secreted by the kidney is a poor renal buffer, because its buffering capacity is low within the physiological range of urine pH.
Creatinine which is filtered through the glomeruli, but neither secreted nor reabsorbed, is a fair renal buffer, because approximately half of its buffering capacity is utilized in forming urine of pH 5.0. Creatinine as a buffer is peculiar in that it is a base. In blood at pH 7.4 it is almost completely in the form of the free base. In urine at pH 5.0 it is approximately one-half in the form of the acid salt of creatinine.
We infer that the mixture of sodium chloride and free creatinine filtered through the glomeruli is transformed in part to creatinine hydrochloride in its passage through the renal tubules by the tubular exchange of H+ ions for Na+ ions. Table 2 summarizes two representative experiments on acidotic dogs in which the major urinary buffer was creatinine.
The plasma concentration of creatinine was raised to 180 to 219 mgm. per cent (16 to 19 mM. per 1.) in order to cause the excretion of 1.22 to 1.59 mM. of creatinine per min. The degree of acidosis of the animal in experiment 5 was considerably greater than that in any other experiment in this series, The plasma phosphate concentration was very low in both experiments and as a consequence essentially no phosphate was excreted. The titratable acid of the urine, although considerably less than in the experiments with phosphate, was still high, varying between Q.099 and 0.146 m,eq. per min. This value is equivalent to the excretion of approximately 1500 to 2000 cc. of 0-l N acid per day. It is apparent that the observed titratable acid agrees adequately with the acid calculated from the creatinine excreted and the urinary pH.
The phosphate reabsorption theory is obviously incapabl .e of explaining the acidity of the urine for essentially no phosphate was excreted. Furthermore since creatinine is present in the blood al .most entirely in the form of free base, and since creatinine is not reabsorbed by the ren .a1 tubules, the concept of reabsorption of ' a basic component of a buffer mixture and excretion of an acid component is completely eliminated as an explanation of urinary acidification. The carbonic acid filtration theory is also incapable of explaining the observed urinary acid in these experiments.
The inadequacy of this theory is somewhat less striking in experiment 6 than in' the experiments in table 1, owing to the lesser excretion of titratable acid. However, the experiments presented in table 2 provide adequate confirmation of the general thesis that the elimination of acid in the urine is dependent on a tubular excretory process.
The r&e of renal carbunic anhydrase. The ultimate source of the H+ io:nts which are added to the glomerular filtrate in its passage through the renal tubule must be carbonic acid. No other source of acid of sufficient magnitude (0.4 m,eq. per min.) is available to the kidney. The carbonic acid is no doubt derived both from the carbon dioxide of the peritubular blood and from that produced in the metabolism of the tubular cells. Wherever it is necessary to hydrate carbon dioxide to carbonic acid in large amounts, e.g., the red cells (9) the gastric mucosa (3) or the pancreas (l7), one finds the enzyme carbonic anhydrase. According to Davenport and Wilhelmi (5) the cortex of the kidney contains this enzyme in high concentration.
Sulfanilamide has been shown to be an inhibitor of carbonic anhydrase in vitro by Mann and Keilin (8) , and to reduce the forma- tion of acid in the gastric mucosa in vivo by Davenport (4) . Furthermore the administration of sulfanilamide in therapeutic doses frequently produces a mild acidosis clinically which is characterized by an increase in the pH of the urine (16) . It is reasonable therefore to presume that carbonic anhydrase may play some r81e in the cellular processes involved in acid excretion (1, 6) . The nature of the role of renal carbonic anhydrase was investigated in a series of 8 experiments, representative examples of which are given in tables 3 and 4.
In the experiments shown in table 3, phosphate was the major urinary buffer. The administration of sulfanilamide sharply reduced the observed titratable ROBERT F. PITTS AND ROBERT S. ALEXANDER acid of the urine. Since the quantity of buffer excreted was unaffected, the reduction of titratable acid was brought about by fhe increase in urinary pH. The increase in urinary pH was greatest in experiment 8; therefore the titratable acid decreased most in this experiment.
However in both experiments considerable quantities of acid were eliminated at a time when the plasma concentration of sulfanilamide was very high. Since much lower concentrations of sulfanilamide than these inhibit the enzyme in vitro, it would appear that carbonic anhydrase, though it plays a r&e in acidification of the urine, is not essential to the process. Two additional experiments on other dogs gave identical results. In the experiments shown in table 4, creatinine WQS the major urinary buffer. In experiment 9, the administration of sulfanilamide reduced the excretion of titratable acid from 0.150 m.eq. per min. to essentially zero. In experiment 10, although t,he t&ratable acidity was significantly diminished by the administration of sulfanilamide, considerable quantities of acid were still eliminated, Two additional experiments were performed on two other dogs. One experiment duplicated experiment 9, and one was similar to experiment 10. Why sulfanilamide completely blocked the excretion of titratable acid in two experiments, and only diminished it in the other two experiments is not clear. The only essential difference between the two groups of experiments was in the degree of acidosis. In both experiments in which the excretion of acid was blocked, the COz combining power of the plasma was in a range of 43 to 48 vol. per cent. In both experiments in which the excretion of acid was merely diminished, the COZ combining power of the plasma was in a range of 30 to 35 vol. per cent. Despite these inconsistencie s, the creatinine experiments confirm our general thesis that carbonic anhydrase plays a role in the cellular mechanism for acidifying the urine, but that it is not essential to that mechanism. The I hydration of carbon dioxide to carbonic acid proceeds fairly rapidly in the absence of carbonic anhydrase. The enzyme merely speeds the process. It is possible to assume that the reduction in the rate of excretion of titratable acid when the enzyme is inhibited by sulfanilamide represents the effect of reducing the rate of hydration of carbon dioxide to its non-enzymatic level. l On the other hand, the enzyme may not be inhibited completely in vivo by the sulfanilamide concentrations attained in these experiments. Higher plasma concentrations of sulfanilamide cannot be attained safely, for in these experiments the animals were ataxic and exhibited spastic rigidity of the limbs and opisthotonus for as long as 12 to 48 hours following termination of the experiment. However none of the animals died or showed subsequent evidence of any renal damage.
DISCUSSION. The data presented above are conclusive .in showing that the quantity of acid excreted in the urine may far exceed the quantity of acid filtered through the glomeruli. Therefore the urine must be acidified by some renal tubular mechanism which adds Hf ions to the glomerular filtrate.
The only intracellular source for the large quantity of Hf ions required is carbonic acid, formed withi.n the tubule cells by the hydration of carbon dioxide. Supporting this concept are the experiments with sulfanilamide. The inhibition of carbonic anhydrase by this drug and the consequent retardation of the rate of hydration of carbon dioxide impair the ability of the renal tubules to acidify the -filtrate.
The tubular mechanism for the addition of H+ ions to the filtrate has been related to a process of ionic exchange. Actually there is a variety of ways in which this might be effected. The simplest and to us the most acceptable concept would be a direct exchange of H+ ions for Na+ ions, thereby accomplishing in a single process the desired end, namely, the excretion of acid and the conservation of base. The various salts present in the filtrate are in ionized form, and it seems reasonable to assume that the kidney operates on ions, not molecular species, within the limitations imposed by the necessity for maintaining ionic electroneutrality.
This latter condition is met by the exchange of H+ ions for Na+ ions across the tubular epithelium. It is possible however to postulate various indirect methods by which this ionic exchange might be carried out. For example, either HCl or H&C& might be secreted by the tubule cells into the lumen. These acids would react with urinary buffers with the production of NaCl or NaHCOa. We have observed experimentally that large quantities of titratable acid may be eliminated as NaH2P04, yet the urine may be essentially chloride and bicarbonate free. Therefore if either HCl or H&03 is secreted by the tubule cells, the NaCl or NaHC03 formed must be subsequently reabsorbed from the urine.
It will be noted that the end result of such a mechanism is to exchange H+ ions for Na+ ions, although the details of the process are different from those postulated above. At present it does not appear possible to obtain conclusive evidence as to whether direct or indirect processes accomplish this ionic exchange.
Our concepts of the nature of the cellular mechanism are presented in diagrammatic form in figure 2 which illustrates a single renal cell from that part of the distal tubule which is concerned with acidification of the urine.
The luminal border of this cell is in contact with urine; the opposite border is in contact with interstitial fluid which is in diffusion equilibrium with the peritubular blood. H+ ions dissociated within the cell are exchanged across the luminal border for Na+ ions in the tubular urine.
There aDnears to be a maximum concentration gradient for H+ ions which can be established across this membrane. In urine of maximum acidity, pH 4.8, the concentration of H+ ions is approximately 400 times greater than in the blood. The actual gradient across the luminal membrane is unknown, for the pH of the interior of the tubular cell has not been. measured. The gradient between urine and blood is that established across both membranes. When the urinary content of buffer is raised, the quantity of H+ ions which can be transferred is much increased, for the concentration gradient against which they are transferred may be considerably reduced.
For example in table 1, experiment 3, period 4, 0.300 m.eq. of H+ ion per min.
was transferred against a gradient of only 8 : 1. In the absence of buffer, despite a maximum gradient of 400: 1, negligible quantities of H+ ion are transferred; i.e., the titratable acidity is very low. Obviously the pK' of the buffer affects the process of transfer of H+ ions: the lower the pK', the greater the con-centration gradient which must be attained in order to transfer a given quantity of H+ ions. Phosphate, pK' 6.8, is a much more effective urinary buffer than is creatinine, pK' 4.97.
The intracellular production of large quantities of H+ ions is dependent upon the rapid hydration of carbon dioxide to carbonic acid. The cellular sources of carbon dioxide are two: it is produced by cellular metabolic processes and is derived from the postglomerular blood. Carbonic anhydrase, by speeding the hydration of carbon dioxide, increases the rate of production of Hf ions in the tubular cells. Our experiments with sulfanilamide indicate, however, that carbonic anhydrase may not be essential for the elimination of acid in the urine. The hydration of carbon dioxide proceeds with moderate rapidity in vitro in the absence of enzyme. The non-enzymatic rate of hydration is probably sufficient to explain the residual titratable acidity in those experiments in which the enzyme was presumably inhibited by sulfanilamide.
HCO, ions formed by the dissociation of carbonic acid are absorbed into the renal tubular blood in combination, with equivalent numbers of Na+ ions. The mechanism thus accomplishes the excretion of acid and the retention of base by a single fundamental process based primarily on the exchange of Hf ions for Na+ ions Acidification of the urine is a process which requires the expenditure of energy. If energy were applied to effect the movement of one ion type at any one of several points, the rest of the system might function spontaneously. Thus if Hf ions were actively pumped out of the cell into the tubular lumen, Na+ ions would have to move in the reverse direction to maintain ionic balance. The high cellular concentration of sodium bicarbonate would set up a diffusion gradient between the interior of the cell and the tubular blood. Passage of bicarbonafe into the blood would be determined by diffusion forces. Presumably selective impermeability of the luminal membrane in the reverse direction would prevent diffusion back into the urine. On the other hand, if sodium bicarbonate were actively pumped out of the cell into the tubular blood, all other processes might occur by diffusion. Or if energy were utilized to force Naf ions into the cell, diffusion forces might account for the movements of the remaining components. We know of no valid reason for choosing between these several possibilities. However no system dependent entirely on diffusion processes could account for the continued movement of acid from blood to urine. Energy must be expended at some point.
While the evidence is conclusive that acidification of the urine is effected in large part by some renal cellular mechanism, do the phosphate reabsorptive mechanism and the carbonic acid fiEfration mechanism contribute to the excretion of acid? From evidence on the dog and amphibian kidney, the phosphate reabsorptive concept may be entirely ruled out. Walker and Hudson (20) have shown in the frog that phosphate is reabsorbed in the proximal tubule, whereas Montgomery and Pierce (10) have shown that acidification of the urine is effected in a very localized segment of the distal tubule. Since the pH of the tubular urine does not change in the proximal tubule where phosphate is reabsorbed, dibasic and monobasic phosphate must both be reabsorbed, and furthermore they must be reabsorbed in the same proportions as they exist in the blood. Hence reabsorption of phosphate cannot contribute to the acidity of the urine. The evidence on the dog confirms this view indirectly.
The maximum reabsorptive capacity for phosphate was shown by Pitts and Alexander (13) to be the same in normal and in acidotic dogs. The normal animals excreted small quantities of titratable acid, the acidotic animals excreted large amounts.
Therefore the excretion of acid could not be determined in any way by the reabsorption of phosphate.
In general the same line of argument can be used to negate any appreciable contribution of a carbonic acid filtration mechanism. Thus in the frog water is reabsorbed in the proximal tubule, the total osmotic pressure of the fluid in the lumen remains constant (21), therefore bicarbonate is reabsorbed in proportion to the reabsorption of water.
Since pH does not change in the proximal tubule, carbonic acid or more properly dissolved carbon dioxide must diffuse back in proportion to bicarbonate. It cannot therefore contribute appreciably to the acidity of the urine.
In the dog it is presumed that obligatory water reabsorption in the proximal tubule reduces the volume of fluid to Q of that in the original glomerular filtrate (15) . If the urine is acidified in the distal tubule, it is obvious that 4 of the dissolved carbon dioxide must have diffused back in the proximal tubule before the segment was reached in which acidification is effected.
A more indirect line of evidence likewise argues against the carbonic acid filtration concept.
Carbon dioxide in an aqueous medium is largely in the form of the dissolved gas and only a small proportion is in the form of carbonic acid. Cell membranes in a moist state are uniformly permeable to carbon dioxide.
It is highly improbable that the renal epithelium is so very different from other cell membranes as to be completely impermeable to carbon dioxide.
Therefore one would expect some approach to equilibrium conditions to be maintained all along the renal tubule between the urine and the renal venous blood. Hence carbonic acid in the filtrate could contribute little to urinary acidity.
Occasional high tensions of carbon dioxide in bladder urine can be explained in two ways : 1, the result of the mixture of acid and alkaline urine in the bladder; 2, the result of the delayed dehydration of carbonic acid to carbon dioxide in the tubular urine, which is of course devoid of carbonic anhydrase.
It is instructive. to relate these experiments on the dog to observations made on man in conditions of clinical acidosis.
In severe diabetic acidosis the titratable acidity of the urine may increase to as much as 1500 cc. of 0.1 N acid per day (12) . Much higher rates of acid elimination have been attained in our experiments on dogs. For short periods rates equivalent to 6000 cc. or more of 0.1 N acid per day have been observed during the infusion of phosphate. This quantitative difference is certainly related to the physicochemical properties of the buffer excreted and not to a greater effectiveness of the acid eliminating mechanism in the dog. The major buffer acid in the urine of the diabetic is Bhydroxybutyric, the pK of which is 4.7. It is therefore somewhat less efferrtive as a urinary buffer than is creatinine, and far less effective than is phosphate.
Rates of acid elimination in the dog during the infusion of creatinine are more nearly comparable to those observed in the diabetic, namely, rates equivalent to 1500 to 2000 cc. of 0.1 N acid per day. In chronic diffuse glomerulonephritis the capacity of the kidney to eliminate acid is reduced (12) . Accordingly, acidosis develops as a result of the daily dietary intake of an excess of potential acid forming substances.
In terminal nephritis the titratable acid of the urine falls to as low as 5 or IO cc. of 0.1 N acid per day, and the CO2 combining power and pH of the blood fall as the alkali reserve of the body is progressively exhausted.
SUMMARY
In a series of 18 experiments on 4 trained female dogs rendered acidotic by the daily administration of hydrochloric acid by mouth, the following facts have been observed, and the following inferences drawn from these facts.
1. When the animals were caused to excrete large quantities of buffer in the urine by the intravenous administration of infusions containing phosphate, as much as 0.380 m.eq. per min. of titratable acid was excreted.
When the infusions contained creatinine in place of phosphate as much as 0.150 m.eq, per min. of titratable acid was excreted.
In both series of experiments the quantity of acid excreted far exceeded the quantity of acid filtered through the glomeruli. Accordingly it has been demonstrated that a cellular mechanism must add acid to the glomerular filtrate as it passes through the renal tubules.
2. It is suggested that this addition of acid is effected by the direct exchange of Hf ions formed within the renal tubular cells for Na+ ions present in the tubular urine. This process probably occurs in the distal segment of the tubule.
3. The intracellular source of IE-I+ ions is carbonic acid formed by the hydration of carbon dioxide produced metabolically within the renal cells and derived by them from the postglomerular blood.
4. Renal carbonic anhydrase, by increasing the rate of hydration of carbon dioxide and hence the rate of formation of H+ ions, increases the rate of acid elimination. The enzyme however is probably not essential, for when it is inhibited by sulfanilamide, acid elimination continues although at a slower rate.
5. The Na+ ions which enter the renal tubular cells in exchange for H+ ions are absorbed into the peritubular blood as sodium bicarbonate.
6. The pK' of the urinary buffer influences the quantity of acid excreted: the lower the pK', the less acid excreted. Accordingly phosphate is a more effective urinary buffer than creatinine, and creatinine is more effective than is paminohippurate.
7. The relation of these findings to the behavior of the kidney in clinical acidosis is briefly discussed.
ADDENDUM
Since this paper has been submitted, emphasizes the fact that the enzyme is present in tissues in tremendous excess, and that complete inhibition of function of the enzyme could not be expected in previous studies on gastric secretion, pancreatic secretion, and renal acid excretion at the relatively low plasma concentrations of sulfanilamide employed. In our experiments plasma concentrations of sulfanilamide have ranged between 17 and 78 mg. per cent. We may therefore expect that 99.9+ per cent of the enzyme has been inhibited.
Since we have loaded our animals with buffer and hence have increasedthe demands on the carbonic anhydrase system tremendously, the remaining activeenzyme (probably less than 0.1 per cent) is less than adequate to maintain the control rate of acid elimination.
However the residual excretion of titratable acid which we have noted (from 2 to 50 per cent of the control) may be most logically assigned to the activity of this residual uninhibited fraction of the enzyme rather than to the non-enzymic hydration of carbon dioxide as noted in the text. The general agreement of our figures on reduction of function with those published by Davenport strengthens our conviction that renal carbonic anhydrase is an important component in the mechanism for excretion of titratable acid.
